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•  Evidence for SBL Anomalies & 3+N Sterile Neutrino Models 

•  FNAL & J-PARC SBL Neutrino Programs 

•  Advantages of SBL Accelerator Neutrino Experiments  

•  Disadvantages (Caveats) of SBL Accelerator Neutrino Expts. 

•  More Exotic Possibilities 

•  Conclusions 
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Short-­‐Baseline	
  Neutrino	
  Anomalies	
  



3	
  

3+N	
  Sterile	
  Neutrino	
  Models	
  

  3+N models 

  N>1 allows CP violation for 
short baseline experiments 

  νµ → νe ≠ νµ → νe 

Note:	
  There	
  are	
  also	
  other,	
  more	
  exo<c	
  	
  	
  
possibili<es	
  



Probability	
  of	
  Neutrino	
  Oscilla<ons	
  

Pαβ = δαβ - 4ΣiΣj |Uαi U*βi U*αj Uβj | sin
2(1.27Δmij

2L/Eν) 	



As #ν increases, the formalism gets rapidly more complicated! 

#ν 	
   	
   	
   	
  #Δmij
2 	
   	
   	
   	
  #θij 	

 	

 	

 	

#CP Phases 

Therefore,	
  there	
  needs	
  to	
  be	
  ≥	
  3	
  neutrino	
  mixing	
  for	
  CP	
  ViolaOon!	
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3+N	
  Models	
  With	
  νe	
  Appearance	
  Require	
  	
  
Large	
  νe & νµ	
  Disappearance!	
  

In	
  general,	
  P(νµ -> νe)	
  ~	
  ¼	
  P(νµ -> νx)	
  P(νe	
  -> νx)	
  

Assuming	
  that	
  the	
  3	
  light	
  neutrinos	
  are	
  mostly	
  ac<ve	
  
and	
  the	
  N	
  heavy	
  neutrinos	
  are	
  mostly	
  sterile.	
  	
  	
  	
  	
  	
  

For	
  3+1	
  Models:	
  P(νµ -> νe)	
  =	
  4U2
e4U2

µ4	
  sin2(1.27Δm2L/E)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  P(νµ -> νx)	
  =	
  4U2

µ4(1-­‐U2
µ4	
  )	
  sin2(1.27Δm2L/E)	
  

	
   	
   	
   	
  	
  P(νe	
  -> νx)	
  	
  =	
  4U2
e4(1-­‐U2

e4	
  )	
  sin2(1.27Δm2L/E)	
  



Global	
  3+2	
  &	
  1+3+1	
  Fits 
Kopp,	
  Machado,	
  Maltoni,	
  &	
  Schwetz,	
  arXiv:1303.3011	
  

(P=23%)	
  

(P=30%)	
  

Note	
  that	
  the	
  Parameter	
  Goodness	
  of	
  Fit	
  probabiliOes	
  are	
  low	
  due	
  to	
  tension	
  between	
  	
  
appearance	
  and	
  disappearance;	
  however,	
  no	
  fake	
  data	
  studies	
  have	
  been	
  performed.	
  



Future	
  Short-­‐Baseline	
  ν	
  Experiments	
  	
  

• 	
  There	
  is	
  a	
  diverse	
  set	
  of	
  experiments,	
  spanning	
  vastly	
  different	
  energy	
  
Scales	
  (from	
  ~1	
  MeV	
  to	
  ~10	
  TeV),	
  that	
  have	
  been	
  proposed	
  to	
  test	
  the	
  	
  
3+N	
  models	
  &	
  resolve	
  the	
  present	
  anomalies:	
  	
  	
  

• 	
  Accelerator	
  ν	
  Experiments:	
  MicroBooNE+LAr1+ICARUS,	
  
MINOS+,	
  NuStorm	
  ,	
  LBNE,	
  OscSNS	
  at	
  	
  
ORNL,	
  J-­‐PARC	
  E56,	
  IsoDAR,	
  nuPRISM	
  

• 	
  Reactor	
  ν	
  Experiments:	
  
SCRAAM,	
  NUCIFER,	
  PROSPECT	
  

• 	
  Radioac<ve	
  Source	
  ν Experiments:	
  BOREXINO-­‐SOX,	
  KamLAND,	
  Daya	
  Bay,	
  	
  
Baksan,	
  LENS	
  

• 	
  Atmospheric	
  ν	
  Experiments:	
  IceCube	
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SBN:	
  A	
  Mul<-­‐LAr	
  TPC	
  Short-­‐Baseline	
  Program	
  at	
  FNAL	
  	
  

SBN:&Fermilab&PAC,&January&2015 2

LAr Mass 

Total Active  

LAr1-ND 180t 82t 

MicroBooNE 170t 89t 

T600 760t 476t 

MicroBooNE

ICARUS&T600

Booster&
Neutrino&
Beam

NuMI&
Neutrino&
Beam

LAr1FND

From	
  Dave	
  Schmitz	
  



T2K	
  Beamline	
  at	
  J-­‐PARC	
  

50m	
  

ND280	
  at	
  280m	
  

nuPRISM	
  
at	
  1-­‐2km	
  

By	
  varying	
  the	
  angle,	
  
nuPRISM	
  has	
  bejer	
  
sensi<vity	
  for	
  SBL	
  
oscilla<ons	
  and	
  for	
  
measuring	
  cross	
  sec<ons.	
  	
  	
  



Advantages	
  of	
  SBL	
  Accelerator	
  Neutrino	
  Experiments	
  

Can	
  mount	
  many	
  detectors	
  at	
  different	
  distances	
  on	
  the	
  same	
  beamline	
  with	
  	
  
approximately	
  the	
  same	
  neutrino	
  flux	
  and	
  with	
  systema<c	
  uncertain<es	
  that	
  mostly	
  
cancel.	
  This	
  is	
  ideal	
  for	
  searching	
  for	
  νµ	
  -­‐>	
  νe	
  oscilla<ons	
  (&	
  neutrino	
  cross	
  sec<ons).	
  

Also	
  ideal	
  for	
  searching	
  for	
  νµ	
  disappearance.	
  

Can	
  prove	
  the	
  existence	
  of	
  sterile	
  neutrinos	
  by	
  searching	
  for	
  oscilla<ons	
  of	
  a	
  
neutral-­‐current	
  reac<on	
  (e.g.	
  NCπ0	
  &	
  NCEL).	
  

Can	
  search	
  for	
  CP	
  viola<on	
  by	
  searching	
  for	
  a	
  difference	
  between	
  νe	
  appearance	
  
and	
  νe	
  appearance	
  (although	
  the	
  an<neutrino	
  beam	
  has	
  a	
  large	
  neutrino	
  	
  
contamina<on).	
  



SBN:&Fermilab&PAC,&January&2015

νe Appearance Sensitivity

22

LAr1FND

MicroBooNE

ICARUS&T600

From	
  Dave	
  Schmitz	
  



nuPRISM	
  Sensi<vity	
  for	
  νe	
  Appearance	
  



Advantages	
  of	
  SBL	
  Accelerator	
  Neutrino	
  Experiments	
  

Can	
  mount	
  many	
  detectors	
  at	
  different	
  distances	
  on	
  the	
  same	
  beamline	
  with	
  	
  
approximately	
  the	
  same	
  neutrino	
  flux	
  and	
  with	
  systema<c	
  uncertain<es	
  that	
  mostly	
  
cancel.	
  This	
  is	
  ideal	
  for	
  searching	
  for	
  νµ	
  -­‐>	
  νe	
  oscilla<ons.	
  

Also	
  ideal	
  for	
  searching	
  for	
  νµ	
  disappearance.	
  

Can	
  prove	
  the	
  existence	
  of	
  sterile	
  neutrinos	
  by	
  searching	
  for	
  oscilla<ons	
  of	
  a	
  
neutral-­‐current	
  reac<on	
  (e.g.	
  NCπ0	
  &	
  NCEL).	
  

Can	
  search	
  for	
  CP	
  viola<on	
  by	
  searching	
  for	
  a	
  difference	
  between	
  νe	
  appearance	
  
and	
  νe	
  appearance	
  (although	
  the	
  an<neutrino	
  beam	
  has	
  a	
  large	
  neutrino	
  	
  
contamina<on).	
  



SBN:&Fermilab&PAC,&January&2015

νμ Disappearance Sensitivity
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Sensitivity&includes&full&flux&and&cross&section&systematics,&&
but&not&detector&systematics&at&this&time.&

From	
  Dave	
  Schmitz	
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MINOS%Disappearance%Limit

MINOS&90%&C.L.&exclusion&limit&ranges&over&4&orders&of&magnitude&in&Δm2
43!&

Strongest&constraint&on&νμ&disappearance&into&νs&&for&&Δm2
43&<&1&eV2

‣ Limit&is&Feldman=Cousins&corrected&
! ID#121

Future:	
  	
  
MINOS+	
  



Advantages	
  of	
  SBL	
  Accelerator	
  Neutrino	
  Experiments	
  

Can	
  mount	
  many	
  detectors	
  at	
  different	
  distances	
  on	
  the	
  same	
  beamline	
  with	
  	
  
approximately	
  the	
  same	
  neutrino	
  flux	
  and	
  with	
  systema<c	
  uncertain<es	
  that	
  mostly	
  
cancel.	
  This	
  is	
  ideal	
  for	
  searching	
  for	
  νµ	
  -­‐>	
  νe	
  oscilla<ons.	
  

Also	
  ideal	
  for	
  searching	
  for	
  νµ	
  disappearance.	
  

Can	
  prove	
  the	
  existence	
  of	
  sterile	
  neutrinos	
  by	
  searching	
  for	
  oscilla<ons	
  of	
  a	
  
neutral-­‐current	
  reac<on	
  (e.g.	
  NCπ0	
  &	
  NCEL).	
  

Can	
  search	
  for	
  CP	
  viola<on	
  by	
  searching	
  for	
  a	
  difference	
  between	
  νe	
  appearance	
  
and	
  νe	
  appearance	
  (although	
  the	
  an<neutrino	
  beam	
  has	
  a	
  large	
  neutrino	
  	
  
contamina<on).	
  



Disadvantages	
  of	
  SBL	
  Accelerator	
  Neutrino	
  Expts.	
  

Neutrino	
  flux	
  not	
  iden<cal	
  at	
  all	
  loca<ons	
  (not	
  a	
  point	
  neutrino	
  source).	
  

Eν	
  reconstruc<on	
  is	
  biased	
  due	
  to	
  nuclear	
  effects	
  (e.g.	
  2-­‐body	
  currents)	
  and	
  this	
  bias	
  
affects	
  the	
  determina<on	
  of	
  Δm2	
  and	
  sin22θ. Even	
  LAr	
  TPCs	
  will	
  have	
  some	
  bias	
  due	
  to	
  	
  
recoil	
  neutrons	
  and	
  recoil	
  protons	
  below	
  threshold.	
  	
  	
  	
  

νe	
  appearance	
  competes	
  with	
  νe disappearance,	
  which	
  is	
  propor<onal	
  to	
  the	
  
intrinsic	
  νe	
  background.	
  (There	
  will	
  be	
  some	
  cancella<on.)	
  	
  

Note	
  that	
  <Δm2>	
  and	
  <Eν>	
  may	
  be	
  different	
  for	
  appearance	
  and	
  disappearance	
  in	
  	
  
3+N	
  models	
  with	
  N>1!	
  For	
  example,	
  if	
  Ue4<Uµ4	
  &	
  Ue5>Uµ5,	
  then	
  <Eν>	
  for	
  νe	
  
disappearance	
  is	
  greater	
  than	
  <Eν>	
  for	
  νe	
  appearance,	
  which	
  is	
  greater	
  than	
  <Eν>	
  for	
  νµ	
  	
  
disappearance.	
  





Disadvantages	
  of	
  SBL	
  Accelerator	
  Neutrino	
  Expts.	
  

Neutrino	
  flux	
  not	
  iden<cal	
  at	
  all	
  loca<ons	
  (not	
  a	
  point	
  neutrino	
  source).	
  

Eν	
  reconstruc<on	
  is	
  biased	
  due	
  to	
  nuclear	
  effects	
  (e.g.	
  2-­‐body	
  currents)	
  and	
  this	
  bias	
  
affects	
  the	
  determina<on	
  of	
  Δm2	
  and	
  sin22θ. Even	
  LAr	
  TPCs	
  will	
  have	
  some	
  bias	
  due	
  to	
  	
  
recoil	
  neutrons	
  and	
  recoil	
  protons	
  below	
  threshold.	
  	
  	
  	
  

νe	
  appearance	
  competes	
  with	
  νe disappearance,	
  which	
  is	
  propor<onal	
  to	
  the	
  
intrinsic	
  νe	
  background.	
  (There	
  will	
  be	
  some	
  cancella<on.)	
  	
  

Note	
  that	
  <Δm2>	
  and	
  <Eν>	
  may	
  be	
  different	
  for	
  appearance	
  and	
  disappearance	
  in	
  	
  
3+N	
  models	
  with	
  N>1!	
  For	
  example,	
  if	
  Ue4<Uµ4	
  &	
  Ue5>Uµ5,	
  then	
  <Eν>	
  for	
  νe	
  
disappearance	
  is	
  greater	
  than	
  <Eν>	
  for	
  νe	
  appearance,	
  which	
  is	
  greater	
  than	
  <Eν>	
  for	
  νµ	
  	
  
disappearance.	
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Disadvantages	
  of	
  SBL	
  Accelerator	
  Neutrino	
  Expts.	
  

Neutrino	
  flux	
  not	
  iden<cal	
  at	
  all	
  loca<ons	
  (not	
  a	
  point	
  neutrino	
  source).	
  

Eν	
  reconstruc<on	
  is	
  biased	
  due	
  to	
  nuclear	
  effects	
  (e.g.	
  2-­‐body	
  currents)	
  and	
  this	
  bias	
  
affects	
  the	
  determina<on	
  of	
  Δm2	
  and	
  sin22θ. Even	
  LAr	
  TPCs	
  will	
  have	
  some	
  bias	
  due	
  to	
  	
  
recoil	
  neutrons	
  and	
  recoil	
  protons	
  below	
  threshold.	
  	
  	
  	
  

νe	
  appearance	
  competes	
  with	
  νe disappearance,	
  which	
  is	
  propor<onal	
  to	
  the	
  
intrinsic	
  νe	
  background.	
  (There	
  will	
  be	
  some	
  cancella<on.)	
  	
  

Note	
  that	
  <Δm2>	
  and	
  <Eν>	
  may	
  be	
  different	
  for	
  appearance	
  and	
  disappearance	
  in	
  	
  
3+N	
  models	
  with	
  N>1!	
  For	
  example,	
  if	
  Ue4<Uµ4	
  &	
  Ue5>Uµ5,	
  then	
  <Eν>	
  for	
  νe	
  
disappearance	
  is	
  greater	
  than	
  <Eν>	
  for	
  νe	
  appearance,	
  which	
  is	
  greater	
  than	
  <Eν>	
  for	
  νµ	
  	
  
disappearance.	
  



Javier Caravaca - NuFact - August 28th 2014 (Glasgow)

24

Binned log-likelihood ratio analysis

B in ned  l og- l i ke l i ho od  f i t

ν
e
CC: Subtraction to the nominal prediction

Best fit parameters

PRELIMINARY

χ2=χ2υe+ χ2γ+ penalty term( f⃗ )
Nuisance parameters
to model the systematics

Important to calculate
the significance

T2K	
   arXiv:1410.8811	
  

L/E	
  ~	
  0.7	
  L/E	
  ~	
  1.5	
  



MiniBooNE	
  Neutrino	
  Oscilla<on	
  Results	
  

An<neutrino	
  Event	
  Excess	
  
from	
  200-­‐1250	
  MeV	
  =	
  
78.4+-­‐20.0+-­‐20.3	
  	
  (2.8σ)	
  

Phys.	
  Rev.	
  Lej.	
  110,	
  161801	
  (2013)	
  

Combined	
  Event	
  Excess	
  from	
  200-­‐1250	
  MeV	
  =	
  240.3+-­‐34.5+-­‐52.6	
  	
  (3.8σ)	
  

Neutrino	
  Event	
  Excess	
  
from	
  200-­‐1250	
  MeV	
  =	
  
162.0+-­‐28.1+-­‐38.7	
  	
  (3.4σ)	
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More	
  Exo<c	
  SBL	
  Possibili<es	
  

•  Sterile	
  Neutrino	
  Decay	
  
•  Light	
  WIMP	
  Produc<on	
  (Light	
  WIMPs	
  can	
  behave	
  like	
  neutrinos)	
  
•  Sterile	
  Neutrino	
  Self	
  Interac<ons	
  &	
  New	
  Vector	
  Bosons	
  
•  Lorentz	
  Viola<on	
  &	
  CPT	
  Viola<on	
  
•  Extra	
  Dimensions	
  (ac<ve	
  neutrinos	
  are	
  stuck	
  on	
  the	
  brane,	
  while	
  

sterile	
  neutrinos	
  can	
  propagate	
  in	
  the	
  bulk)	
  

•  Mass-­‐Varying	
  Neutrinos	
  
•  etc.	
  



Phys.	
  Rev.	
  D85	
  (2012)	
  051702(R)	
  
arXiv:1107.0279	
  



More	
  Exo<c	
  SBL	
  Possibili<es	
  

•  Sterile	
  Neutrino	
  Decay	
  
•  Light	
  WIMP	
  Produc<on	
  (Light	
  WIMPs	
  can	
  behave	
  like	
  neutrinos)	
  
•  Sterile	
  Neutrino	
  Self	
  Interac<ons	
  &	
  New	
  Vector	
  Bosons	
  
•  Lorentz	
  Viola<on	
  &	
  CPT	
  Viola<on	
  
•  Extra	
  Dimensions	
  (ac<ve	
  neutrinos	
  are	
  stuck	
  on	
  the	
  brane,	
  while	
  

sterile	
  neutrinos	
  can	
  propagate	
  in	
  the	
  bulk)	
  

•  Mass-­‐Varying	
  Neutrinos	
  
•  etc.	
  



World	
  Data	
  on	
  Low	
  Mass	
  Spin	
  Independent	
  
WIMP	
  Scacering	
  

27	
  

Tradi<onal	
  underground	
  direct	
  detec<on	
  experiments	
  run	
  out	
  of	
  sensi<vity	
  
below	
  	
  ~1	
  GeV	
  due	
  to	
  the	
  low	
  velocity	
  of	
  galac<c	
  halo	
  WIMPs	
  

•  Lee	
  Weinberg	
  limit	
  (SM	
  mediators	
  W,	
  Z)	
  implies	
  Mwimp	
  >>	
  2GeV	
  
•  However,	
  for	
  low	
  mass	
  DM	
  you	
  need	
  a	
  new	
  mediator	
  to	
  produce	
  the	
  right	
  relic	
  density!	
  



Light dark matter production in BNB and detection in 
MiniBooNE 

FNAL 
Booster 

target and horn detector dirt  decay region absorber 

primary beam tertiary beam secondary beam 
(protons) (mesons) (neutrinos) 

π+ 

µ+ 

π- 

νµ 

neutrino beam running 

π0 

χ 

χ 
V!

π0, η"

γ" χ"

χ"
V!
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Beam off-target (beam-dump) running 

FNAL 
Booster 

target and horn detector dirt  decay region absorber 

beam-dump running 
χ 

χ 

MiniBooNE has the capability to steer the protons 
past the target and onto the 50 m  
iron dump (absorber) 

-Target is 1 cm diameter 
-Air gap between target and 
 horn inner conductor is ~1 cm 

Beam spot position in beam  
off target mode  (~1 mm spread) 

Be Fins 
Be Target 

Air gap 

�0 and � produced by protons in the Fe quickly decay producing dark matter. 
Charged mesons are absorbed in the Fe before decaying, which significantly  

reduces the neutrino flux (still some production from proton-Air interactions), 
while leaving the signal unaffected. 
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Signal	
  SensiOviOes	
  for	
  DM-­‐NUCLEON	
  Scacering	
  (2E20	
  POT)	
  
Cross	
  SecOon	
  vs.	
  Dark	
  Macer	
  Mass	
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•  Signal	
  events:	
  Dark	
  Green	
  >	
  1000;	
  Green:	
  10-­‐1000;	
  Light	
  Green:	
  	
  	
  1-­‐10	
  
•  These	
  are	
  signal	
  sensi<vity	
  plots.	
  	
  Actual	
  measurement	
  sensi<vi<es/limits	
  will	
  

depend	
  on	
  background	
  rates	
  and	
  systema<c	
  errors.	
  
•  The	
  LAr1-­‐ND	
  near	
  detector	
  does	
  an	
  order	
  of	
  magnitude	
  becer!	
  

MiniBooNE-­‐CH2	
   MicroBooNE-­‐LAr	
   LAr1-­‐NearDetector	
  



More	
  Exo<c	
  SBL	
  Possibili<es	
  

•  Sterile	
  Neutrino	
  Decay	
  
•  Light	
  WIMP	
  Produc<on	
  (Light	
  WIMPs	
  can	
  behave	
  like	
  neutrinos)	
  
•  Sterile	
  Neutrino	
  Self	
  Interac<ons	
  &	
  New	
  Vector	
  Bosons	
  
•  Lorentz	
  Viola<on	
  &	
  CPT	
  Viola<on	
  
•  Extra	
  Dimensions	
  (ac<ve	
  neutrinos	
  are	
  stuck	
  on	
  the	
  brane,	
  while	
  

sterile	
  neutrinos	
  can	
  propagate	
  in	
  the	
  bulk)	
  

•  Mass-­‐Varying	
  Neutrinos	
  
•  etc.	
  



arXiv:1411.1071	
  
Sterile	
  neutrino	
  
couples	
  to	
  new	
  
vector	
  boson	
  and	
  
dark	
  majer	
  and	
  	
  
couples	
  to	
  SM	
  
fields	
  only	
  through	
  
neutrino	
  mixing.	
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Conclusion	
  

• 	
  The	
  anomalies	
  in	
  short	
  baseline	
  ν	
  experiments	
  cannot	
  be	
  explained	
  by	
  the	
  3	
  ν	
  
paradigm	
  and	
  suggest	
  the	
  existence	
  of	
  sterile	
  neutrinos.	
  

• 	
  Future	
  SBL	
  accelerator	
  neutrino	
  experiments	
  have	
  the	
  golden	
  opportunity	
  of	
  
proving	
  whether	
  short-­‐baseline	
  oscilla<ons	
  and	
  light,	
  sterile	
  neutrinos	
  exist!	
  

• 	
  However,	
  caveats	
  include:	
  (i)	
  Bias	
  in	
  Eν	
  reconstruc<on	
  due	
  to	
  nuclear	
  effects;	
  (ii)	
  
Compe<<on	
  between	
  νe	
  appearance	
  &	
  disappearance;	
  (iii)	
  Complica<ons	
  due	
  to	
  
3+N	
  models	
  with	
  N>1.	
  

• 	
  More	
  exo<c	
  models	
  are	
  also	
  possible!	
  



Backup	
  



J.M.	
  Conrad,	
  C.M.	
  Ignarra,	
  G.	
  Karagiorgi,	
  M.H.	
  Shaevitz,	
  &	
  J.	
  Spitz,	
  arXiv:1207.4765	
  

Global	
  3+N	
  Fits	
  to	
  World	
  Data	
  

3+1	
  (P=55%)	
   3+2	
  (P=69%)	
  

Note	
  that	
  the	
  Parameter	
  Goodness	
  of	
  Fit	
  probabiliOes	
  are	
  low	
  due	
  to	
  tension	
  between	
  	
  
appearance	
  and	
  disappearance;	
  however,	
  no	
  fake	
  data	
  studies	
  have	
  been	
  performed.	
  



Effect	
  of	
  3+1	
  Sterile	
  ν	
  Model	
  on	
  Long-­‐Baseline	
  Expts.	
  

Klop	
  &	
  Palazzo,	
  arXiv:1412.7524	
  



Effect	
  of	
  3+1	
  Sterile	
  ν	
  Model	
  on	
  Long-­‐Baseline	
  Expts.	
  

Klop	
  &	
  Palazzo,	
  arXiv:1412.7524	
  



Global Cosmology Fits 
Including HST H0 measurement, galaxy cluster data, & BICEP2, the data favor nonzero ΔNeff & meff

s 

Dvorkin,	
  Wyman,	
  Rudd,	
  &	
  Hu,	
  arXiv:1403.8049	
  

ΔNeff	
  =	
  0.81+-­‐0.25,	
  	
  meff
s	
  =	
  0.47+-­‐0.13	
  eV	
  

Zhang,	
  Li,	
  &	
  Zhang,	
  arXiv:1403.7028	
  

Neff	
  =	
  3.96+-­‐0.32,	
  meff
s	
  =	
  0.51+-­‐0.13	
  eV	
  



Global Cosmology Fits 
Including HST H0 measurement & galaxy cluster data, the data favor nonzero ΔNeff & meff

s 

Gariazzo,	
  Giun<,	
  &	
  Laveder,	
  arXiv:1412.7405	
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γ

Other	
  PCAC	
  

ν	



N
N’	
  

ω

γ

Axial	
  Anomaly	
  

ν	



N	
   N’	
  Δ

Radia<ve	
  Delta	
  Decay	
  

(G2α/αS)	
  

ν 

N N’	
  

γ

NCγ	
  Backgrounds:	
  Order	
  (G2ααs) , single	
  γ FS?	
  

So	
  far	
  no	
  one	
  has	
  found	
  	
  a	
  NC	
  
process	
  to	
  account	
  for	
  the	
  ν	
  	
  	
  	
  	
  	
  	
  	
  

low-­‐energy	
  excess.	
  Publica<ons:	
  
R.	
  Hill,	
  arXiv:0905.0291	
  

Jenkins	
  &	
  Goldman,	
  arXiv:0906.0984	
  

Zhang	
  &	
  Serot,	
  arXiv:1210.3610	
  

Wang,	
  Alvarez-­‐Ruso,	
  &	
  Nieves,	
  arXiv:1407.6060	
  

γ
Dominant	
  processes	
  
accounted	
  for	
  in	
  MC!	
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Summary	
  of	
  the	
  LAr1-­‐ND	
  Proposal	
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Null hypothesis
excluded at ~94%CL

Accepted at 90%CL

Conf idence  in te rva ls

Used the Feldman & Cousins method to extract the confidence contours

Excluded at 95%CL

ND280 results
Excluded by ND280

PRELIMINARY
PRELIMINARY

Gallium anomaly
Reactor anomaly

T2K	
   arXiv:1410.8811	
  



Signal	
  SensiOviOes	
  for	
  DM-­‐NUCLEON	
  Scacering	
  (2E20	
  POT)	
  
Mixing	
  Strength	
  vs.	
  Vector	
  Mediator	
  Mass	
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•  Signal	
  events:	
  Dark	
  Green	
  >	
  1000;	
  Green:	
  10-­‐1000;	
  Light	
  Green:	
  	
  	
  1-­‐10	
  
•  These	
  are	
  signal	
  sensi<vity	
  plots.	
  	
  Actual	
  measurement	
  sensi<vi<es/limits	
  will	
  

depend	
  on	
  background	
  rates	
  and	
  systema<c	
  errors.	
  
•  The	
  LAr1-­‐ND	
  near	
  detector	
  does	
  an	
  order	
  of	
  magnitude	
  becer!	
  

MiniBooNE-­‐CH2	
   MicroBooNE-­‐LAr	
   LAr1-­‐NearDetector	
  


